antituberculosis, 14 anti-HIV, 15 calcium channel antagonist activity, 16 antifungal, 17 antimicrobial, 18 antiproliferative, 19 antidiabetic, 20 anti-inflammatory and antiviral 21 activities and as an antioxidant. 22 Therefore, the development of simple and efficient synthetic protocols for the construction of these compounds is desirable. One of the well-suited reactions for the construction of pyrano [3,2-b] pyran derivatives is the three-component reaction of an aldehyde, malononitrile-like compounds and enolisable compounds. Undoubtedly, the synthesis of pyrano [3,2-b] pyrans by means of multicomponent reactions (MCR) has received considerable attention due to excellent synthetic efficiency, inherent atom economy, the use of readily available starting materials, experimental simplicity and environmental friendliness. 23−30 As an alternative to prolonged heating, the use of ultrasonic irradiation as an innocuous, green technique in the synthesis of organic and inorganic compounds has been acknowledged. 31, 32 The ultrasound approach offers several advantages, including enhanced organic reaction rates, formation of purer products in high yields, simple experimental conditions and waste minimisation compared with traditional methods. 33−36 In continuation of our research on the modification and development of multicomponent reactions 37−39 and applications of nanocatalysts, 40, 41 herein we report an improved strategy for the synthesis of a series of pyrano [3,2-b] pyran derivatives using a silica-supported ferrocene-containing ionic liquid under ultrasound irradiation. Seven known and four new compounds were synthesised by this method.
Results and discussion
The silica-supported ferrocene-containing ionic liquid catalyst (SiO 2 @Imid-Cl@Fc) (D) was prepared following the procedure shown in Scheme 1. Monodisperse silica nanospheres (SiO 2 ) were synthesised via Stober's method by hydrolysis of tetraethyl orthosilicate (TEOS) using ammonium hydroxide in ethanol. Subsequently, the monodisperse silica was reacted with triethoxy-3-(chloropropyl)-silane to obtain the propylchloridefunctionalised silica (B). 1-N-Ferrocenbutyl imidazole (C) was prepared from the reaction of imidazole with chlorobutyl ferrocene. Finally, ferrocene-containing ionic liquid supported on silica (D) was synthesised via the reaction of chloropropylmodified silica (B) with 1-N-ferrocenbutyl imidazole (C).
The structure of SiO 2 @Imid-Cl@Fc catalyst (D) was characterised by Fourier transform infrared (FTIR) spectroscopy, field emission scanning electron microscope (FE-SEM), energy dispersive X-ray (EDX) spectroscopy and X-ray diffraction (XRD) analysis.
The FTIR results for SiO 2 @propylchloride (B) and SiO 2 @ Imid-Cl@Fc catalyst (D) are shown in Fig. 1 . The broad absorption band around 1100 cm −1 is due to the asymmetric stretching of Si-O-Si. The absorption bands at 802 and 469 cm −1 may be attributed to the bending vibration of the Si-O-Si bonds. The band at 949 cm −1 corresponds to the symmetric stretching vibration of Si-OH. The broad absorption band at 2850 cm −1 is due to the stretching vibration of C-H groups. The absorption peak at 3080 cm −1 is also linked to the stretching vibration of aromatic C-H groups on imidazole and ferrocene. The absorption peaks at 1640 and 1558 cm −1 are due to the stretching vibration of C=N and C=C bonds in the aromatic rings. The broad absorption band around 3435 cm −1 is due to the absorption of -OH groups on the surface of silica.
Ferrocene-containing ionic liquid supported on silica nanospheres (SiO 2 @Imid-Cl@Fc) as a mild and efficient heterogeneous catalyst for the synthesis of pyrano [3,2-b] pyran derivatives under ultrasound irradiation EDX spectroscopy of the SiO 2 @Imid-Cl@Fc catalyst (D) revealed the presence of the constituent elements in the structure of the catalyst and confirmed the presence of Fe, Cl, Si, O, N and C in their expected regions (Fig. 2) .
The XRD patterns of the SiO 2 and SiO 2 @Imid-Cl@Fc catalyst (D) are shown in Fig. 3 . A single broad diffraction peak appeared at 2θ = 23 o , which is characteristic of the amorphous nature of the Stober's silica nanospheres. The results show that there was no remarkable change observed in the XRD pattern of the silica nanospheres even after the surface functionalisation reactions.
The morphology of the synthesised SiO 2 @Imid-Cl@Fc catalyst (D) was examined by FE-SEM. As revealed in Fig. 4 , the increased surface roughness of the SiO 2 @Imid-Cl@Fc spheres indicated the successful formation of an additional layer around the core SiO 2 particles, because the Stober's silica nanospheres possess a rather smooth surface. Changes in surface roughness will also affect the active surface area and result in higher catalytic activity.
In order to optimise the reaction conditions and obtain the best catalytic activity, the reaction of 4-chlorobenzaldehyde (1a) (1 mmol), kojic acid (2) (1 mmol) and malononitrile (3) (1.2 mmol) under ultrasound irradiation was chosen as a model reaction and was investigated under different conditions. The results are presented in Table 1 . Initially, the model reaction was examined with different solvents (entries 1-7) using a catalytic amount of SiO 2 @Imid-Cl@Fc (D) (5 mg). Protic solvents such as MeOH and EtOH gave the desired product in the highest yields (80 and 85%, respectively) in the shortest times (30 and 20 min, respectively) (entries 5,6), while aprotic solvents displayed slow reaction rates leading to moderate yields of the product (entries 1-4). Despite the modest yield in H 2 O (entry 7), it was found that yields in mixtures of EtOH and water (entries 8-10) were often better than those in pure EtOH. As can be seen from the data in the table, EtOH/H 2 O (70:30) was the best combination due to a fast reaction rate (15 min) and a high yield of 95% Scheme 1 Preparation steps for synthesis of SiO2@Imid-Cl@Fc nanocatalyst (D). SiO 2 @Imid-Cl@Fc (entry 9). These conditions were chosen as optimal. Reactions without ultrasound gave lower yields, even after long reaction times (entries 13, 14) .
The scope and generality of the process was next investigated under optimised conditions. For this purpose, a variety of (entry 9). The model reaction was then tested using different amounts of catalyst. A decrease to 3 mg or an increase to 7 mg of catalyst did not affect the yield of the product significantly (entries 11, 12) , and the best yield was achieved using 5 mg of aromatic aldehydes were employed using the optimal procedure with ultrasonic irradiation. The results are summarised in Table  2 . Aromatic aldehydes carrying either electron-withdrawing or electron-releasing substituents were converted into their corresponding pyrano[3,2-b]pyran derivatives in good yields. It was observed that aldehydes with electron-withdrawing groups reacted rapidly, while those with electron-donating groups effected a decrease in reactivity, requiring longer reaction times. All the products were characterised by melting points, FTIR, 1 H NMR, 13 C NMR and CHNS analysis. The reusability of the SiO 2 @Imid-Cl@Fc catalyst (D) was investigated using the model reaction (1a + 2 + 3; Table 1 ) under the optimised conditions (sonication for 15 min). After the conclusion of the first run, the catalyst was filtered off and then washed with ethanol and dried at 120 °C for 2 h. It was found that the recycled catalyst could be reused another four times with very little decrease in activity. Results for the five runs were: 95, 94, 92, 92, 90% (the 4th and 5th runs were run for 17 min).
Conclusion
We have developed an efficient and simple method for the synthesis of pyrano[3,2-b]pyran derivatives by a one-pot, threecomponent condensation of an aromatic aldehyde, malononitrile and kojic acid in aqueous ethanol in the presence of a catalytic amount of SiO 2 @Imid-Cl@Fc (D) as an efficient, reusable and heterogeneous catalyst. Attractive features of this method are good yields, simple procedure, short reaction times, easy workup, high catalytic activity, and recyclability and reusability of the catalyst. The catalyst can be used at least five times without any substantial reduction in its catalytic activity.
Experimental

Materials and apparatus
Chemicals and solvents were purchased from Merck or SigmaAldrich. Melting points were determined with a MEL-TEMP model 1202D and are uncorrected. FTIR spectra were recorded on a Bruker Tensor 27 spectrometer as KBr disks. NMR spectra were obtained on a Bruker Spectrospin Avance 400 spectrometer ( 1 H NMR at 400 Hz, 13 C NMR at 100 Hz) in CDCl 3 or DMSO-d 6 using tetramethylsilane (TMS) as internal reference. Chemical shifts (δ) are given in parts per million (ppm) and coupling constants (J) are given in Hz. Elementary analyses (C, H, N) were performed on a Vario EL III analyser. Sonication was performed using a Hielscher (UP400s) ultrasonic probe system at a frequency of 24 KHz. X-ray diffraction patterns of samples were taken on a Siemens D500 X-ray powder diffraction diffractometer (CuKα radiation, λ = 1.5406 Å). FE-SEM images of the products were visualised using a TESCAN MIRA3 field emission scanning electron microscope.
Synthesis of SiO 2 @propylchloride
Monodisperse silica nanospheres (SiO 2 ) were synthesised via Stober's method by hydrolysis of TEOS using ammonium hydroxide in ethanol. 42 In a typical synthesis, TEOS (1 mL) was added into ethanol (10 mL) and then 25% ammonium hydroxide (10 mL) and ethanol (10 mL) were also introduced to the reaction mixture under sonication. After 60 min a white suspension of silica was produced. Then the reaction mixture was centrifuged in order to separate the silica nanospheres. The precipitate was then washed with water and ethanol. The silica nanospheres were functionalised with propylchloride by the addition of 3chloropropyltriethoxysilane (1 mL) to a vigorously stirred dispersion of SiO 2 in ethanol (50 mL), and the mixture was then refluxed for 24 h. The resulting propylchloride-functionalised silica nanospheres (SiO 2 @propylchloride) (B) were separated by centrifugation and re-dispersed in ethanol (50 mL), which was repeated three times.
Synthesis of 1-(4-ferrocenylbutyl)-1H-imidazole (C)
To a suspension of 60% NaH (0.80 g, 20 mmol) in dry THF (100 mL), imidazole (1.36 g, 20 mmol) was added and stirred for 1 h at 0 °C. Then, 4-chlorobutylferrocene (1.38 g, 5 mmol) was added and the mixture refluxed for 12 h. The reaction mixture was cooled to 0 °C and excess NaH was quenched by the addition of a small amount of water. The reaction mixture was poured into water (50 mL) and extracted with CH 2 Cl 2 . The combined extracts were dried with MgSO 4 and the solvent was removed under reduced pressure. The residue was purified by silica column chromatography (n-hexane/ethyl acetate, 9:1 v/v) to give 1-(4-ferrocenylbutyl)-1H-imidazole as a brown viscous oil: FTIR (KBr, ν/cm [3,2-b] pyran derivatives under ultrasound irradiation; general procedure A 50 mL flask was charged with aldehyde 1 (1 mmol), malononitrile 3 (1.2 mmol), kojic acid 2 (1 mmol) and SiO 2 @Imid-Cl@Fc (D) catalyst (5 mg) in EtOH/H 2 O (70:30, 3 mL). The mixture was sonicated at 25 °C. After completion of the reaction (monitored by TLC, using n-hexane:ethyl acetate (3:1) as eluent), the reaction mixture was dissolved in hot ethanol, the catalyst was recovered by filtration, and the product was recrystallised from ethanol to give the corresponding pyrano [3,2-b] pyran as a pure solid. [3,2-b] 
Synthesis of pyrano
2-Amino-6-(hydroxymethyl) -4-(5-methylfuran-2-yl) -8-oxo-4,8-dihydropyrano
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